Long-and infinit range correlations ¾ and ¿ in the optical speckle pattern represent one of the most interesting phenomena in multiple scattering of light. Despite the strong scattering these correlations survive the averaging process of light diffusion and are even enhanced with increased randomness. In this article we are going to discuss the microscopic origin of these particular correlations which are explained in the simple picture of one and twofold crossing of multiple scattering paths. We present a comprehensive experimental study of ÝÒ Ñ speckle correlations, ¾´Øµ and ¿´Øµ, where the phase shift between the multiple scattering paths is caused by the Brownian motion of the scattering particles. The shape and amplitude of the correlation functions ¾´Øµ and ¿´Øµ are in good overall agreement with theory. Deviations are found in the case of ¾´Øµ when correlations are generated close to the incoming surface which can be explained by single scattering contributions.
INTRODUCTION
Light propagation in random media has attracted considerable attention over the last decade. In analogy to electronic transport in disordered metals, fundamental issues such as localization of light have been addressed [1, 2] . It has been found that despite the randomness of the medium, various interference effects are essential for the light propagation in the multiple scattering regime.
Since the discovery of weak localization of light [3, 4] , a precursor of light localization, a much deeper understanding on wave propagation in random media has been achieved [5, 6, 7] . Most recently much attention has been paid to the reported observation of strong localization of light, which has been discussed controversially [8, 9, 10] .
Another most interesting phenomenon in multiple scattering of classical waves is the appearance of correlations and fluctuation in the transmission speckle pattern. In this article we discuss recent experimental results about these correlations in the dynamic speckle pattern of laser light transmitted through a turbid colloidal suspension. Due to particular interference effects caused by crossing of scattering paths inside the random medium, two types of correlations between different speckle spots build up [11, 12, 13, 14, 15, 16, 17, 18, 19] . (1) Long range correlations in the scattered field give rise to fluctuation in the angular integrated transmission. (2) Infinit range correlations cause fluctuation in the total transmission, independent both of the incoming and transmitted wave mode. The latter fluctuation are considered the optical analogue of "universal conductance fluctuation (UCF)" in electronic systems [13, 20] .
After a brief review of the physical origin and theory, we discuss the temporal shape of the correlation function ¾´Ø µ and its amplitude dependence on sample thickness, beam spot size, and transport mean free path Ð £ . Universal conductance fluctuation of light will be the subject of the fina part of this article.
The experiments show that due to of the inherently small noise level in dynamic light scattering experiments, photon correlation spectroscopy provides access to an unprecedented accuracy in the study of optical speckle correlation phenomena.
THEORY

THE PHYSICAL PICTURE
Both classical and electronic conductance fluctuation can be described in an appealing simple physical picture ( Fig. 1.1 ) as further outlined below [13, 18, 19] . ( ½ ) : Interferences between waves scattered along independent paths give rise to short range angular fluctuations in optics known as speckles. These are due to non-intersecting scattering paths which give rise to short range temporal and angular speckle fluctuation because of scatterers motion. There are no correlations between field scattered along different paths.´ ¾ µ One crossing of scattering paths builds up correlations between different paths. Temporal decorrelation like in ( ½ µ occurs along the active section of the paths located before the crossing event, while after the crossing the field remain totally correlated (no mutual phase shifts) at all Ø and all output directions ( ¼ ). Ø-dependent phase shifts occur only between the crossing events, the intensity fluctuation are therefore insensitive to input ( ¼ ) and output ( ¼ ) wave modes.
LONG AND INFINITE RANGE CORRELATIONS
The cylindrical waveguide. The most simple case from a theoretical point of view is the diffuse transmission of classical waves through a cylindrical waveguide with perfectly reflectin walls (length Ä, width ). The average intensity, which is transmitted from an incoming plane light wave mode to an outgoing plane wave mode is called Ì The (dimensionless) conductance of the sample is then define as the sum over all incoming and outgoing modes:
AE is the number of modes inside the waveguide of length Ä. AE is proportional to ¾ and thus is proportional to the surface area of the sample. ½ can be written in terms of three leading contributions ½´Ü µ, ¾´Ü µ and ¿´Ü µ, Ü being some quantity, such as frequency shift ¡ or correlation time Ø, which introduces phase shifts between optical field [11, 13] :
The amplitude of the different contributions was found to scale with
In this respect ½ also describes the probability that two paths cross somewhere inside the sample [13] . Here ¾ ¾´¼ µ and ¿ ¿´¼ µ are indepen-dent of the functional behavior of ¾´Ü µ and ¿´Ü µ, i.e. they are independent of the nature of Ü. Slab geometry. In practice it is difficul to realize a small optical waveguide for diffuse light propagation with perfectly reflectin walls. Therefore already Feng et. al. suggested to investigate the transmission through a slab instead [11] . Pnini and Shapiro extended the theory of Feng to the general case of a finit beam spot incident on a slab [12] . They calculated the amplitude ¾ for a homogeneous beam spot of size Ï , with Á´Öµ ½ for ¼ Ö Ï ¾ and Á´Öµ ¼ otherwise. The result for Ï Ä is the same as for a cylindrical waveguide while for the case Ï Ä they fin that the amplitude scales linearly with the inverse beam spot size ½ Ï [21] :
Later de Boer et. al. generalized this result for an incident gaussian beam, beamspot size Û, usually encountered in optical experiments [22] . Although they considered frequency correlations ´¡ µ their results for the amplitude ¾ apply to the case of temporal correlations as well because of the insensitivity of ¾ on the phase shift introducing parameter:
where Ò is the refractive index, and is the wavelength of the incident light. [23] . Assuming light propagation on independent scattering paths ( Fig. 1.1 [14] . Using a diagrammatic technique they derive the intensityintensity correlation function for the case Û Ä and find
The ¾´Ø µ correlation function decays over a much broader time scale than in the case of short range ½´Ø µ correlations. In the long time limit an algebraic Ø ½ ¾ behavior is predicted. 
THE INTEGRAL APPROXIMATION
Most of the theoretical results described above are derived from diagrammatic calculations which are quite complicated and physically not always very instructive. Most of these calculations are restricted to ideal cases, like the cylindrical waveguide. Often however the theoretical assumptions do not match the experimental conditions, e.g. the sample geometry or the influenc of the boundary. How these deviations influenc the amplitude and the decay of ´Øµ cannot be easily derived from standard theory without doing the whole calculation from scratch. On the other side we have seen that the physics of long and infinit range correlations can be understood within the simple picture of crossing light paths [section 2.1], where the crossing probability is of the order ¾ ½ . While in the cylindrical waveguide the crossing probability is the same throughout the sample this is not true for other geometries. Fig. 1.2 shows the conically shaped photon cloud in the case of a slab geometry. Here the crossing probability decreases with increasing depth Þ. Based on the simple picture of crossing light paths and the exact result for a cylindrical waveguide we have derived an approximate theory which can easily be adapted to the experimental conditions [27, 28] . As a starting point we consider the sample as a succession of Q thin slabs of thickness [É ¡ Ä]. The thickness of the slabs is chosen such that is much smaller than the lateral extension Û´Þµ We can therefore write:
In the particular case of ¾´Þ µ ÓÒ×Ø (cylindrical waveguide) we f nd the simple result:
If we compare this result with the exact result Eq. (1.10) from diagrammatic calculations, excellent agreement is found (Fig. 1.3) . This demonstrates the consistency of our approach based on the simple physical picture described above. Eq. (1.14) represents a complete description of long range speckle correlations ¾´Ø µ for a known distribution of Û´Þµ.
The same approach can be used to determine the correlation function ¿´Ø µ [29] The active path sections contributing to ¿´Ø µ are located between two crossing events ( Fig. 1.1 
DYNAMIC LONG RANGE CORRELATIONS
EXPERIMENT
Dynamic long range correlations have been studied by angular averaging of light transmitted through a slab containing a turbid colloidal suspension. The colloidal suspensions were prepared from monodisperse BaTiO ¿ suspended in water [30] . Values of Ð £ where determined independently by static transmission measurement [24] . A minimal value of Ð £ ¼ Ñ was found at a volume fraction¨ ¾ ±. The f uctuations of the integrated transmission
were measured with the setup illustrated in Fig. 1.4 .
A gaussian laser beam (diameter roughly 1mm) from an Ar-laser operating in single frequency mode at 457.9 nm was focused onto a sample cell of variable thickness yielding a transverse intensity prof le at the sample surface :
The beam waist Û is def ned by the distance between the 1/e points of the transverse intensity distribution. To obtain small beam spot sizes, we used either an optical lens of a focal length of 5cm, which yields a minimum beam Figure 1 .4 Experimental setup: The f uctuations of the integrated transmission through a slab were measured by angular averaging the transmitted light with an integrating sphere (IS). Detected by a photomultiplier unit (PM) the correlation function was subsequently analyzed using a digital correlator [18] . The incident laser beam is strongly focused by a lens.
spot size of Û ½ ½ Ñ or in one case a microscope objective to obtain beam spots down to Û ¿ Ñ. This setup allowed us to change the actual beam spot size by variation of the sample-lens distance. The size of the beam spot Û was determined by replacing the sample by a 10 m pinhole, or a ½ Ñ pinhole in the latter case, and scanning across the beam (accuracy ca. 5%). The glass cell was mounted in a sample holder and placed into an integrating sphere in order to average scattering intensities over all scattering angles of the transmitted light. A thick f ber bundle (diameter ÑÑµ positioned perpendicular to the incoming beam, was used to conduct the transmitted light from the integrating sphere to a photomultiplier. The f uctuations of the integrated transmission were analyzed using a commercial photon correlation setup . The detection limit for the intensity correlation function was determined to be lower than ½¼ over the whole range of correlation times ¢ ½¼ × ½¼ × considered. Details of the experimental setup can be found in [18] . 
INFLUENCE OF THE BOUNDARY LAYER
We f rst want to explore the limits of Û Ð £ where an increased inf uence of the light propagating in a layer near the sample surface is expected. In the case of ¾ correlations, crossing of light paths near the incoming surface results in short "active" scattering paths, after which no further dephasing occurs. These A signif cant inf uence of this boundary layer on the amplitude ¾ is expected when the beam size Û is of the order of the transport mean free path Ð £ which is the length scale over which the incident light is randomized. Fig. 1.6 shows the dependence of In the experiments (Fig. 1.6 ) we clearly observe the linear dependence of
does not tend to zero for small values of Û but reaches a well def ned minimum value´½ ¾ µ Ñ Ò . Apparently, the light incident on the slab does not contribute to the long range correlations before it is scattered at least once inside a surface layer, hence broadening the beam spot [18] . This We note that this value is somewhat larger than one would expect from single scattering contributions and also larger then the value determined from the shape of the correlation function (see section 3.4 ). Recent calculations suggest that f nite size effects may account for this discrepancy since they lead to an increase of ½ ¾ [31] . In the case Û Ä ¼ the effective length Ä of the sample (where the correlations are built up) is of the order Ä Û which means Ä is comparable to Ð £ for small beamspot sizes Û (Fig. 1.7 ) with only one adjustable parameter « ½ ¦ ½ ½ Ñ This value is in quantitative agreement with theory, « ½ ¿ ¦ ¾ ½ Ñ and static measurements in the frequency domain [22] .
Fairly good agreement with the same set of parameters is also obtained from Eq. (1.13) with the approximate intensity distribution Û´Þµ ³ Û ·¬Þ ¬ ½ ½ [27, 32] :
Another feature is illustrated in Fig. 1.8 . For Ä Û ½ the magnitude of the ¾ correlations becomes independent of Ä. This is due to the broadening of the beam inside the sample ( Fig. 1.2) . If Ä is much larger than Û , the width of the photon cloud deep inside the sample becomes so large, that the crossing probability is very small in most of the sample except the region of thickness of order Ä Û near to the entrance surface. Increasing the thickness yields only asymptotically small increases in ¾ (Fig. 1.8) .
Localization of light.
Since ½ ³ ¾ we f nd that for a slab geometry (by increasing L and decreasing Û ) the value of the dimensionless conductance cannot be reduced below a certain value Ñ Ò In fact the maximum amplitude [18] . The dimensionless conductance g is also an important quantity with respect to the transition from diffusion to localization of light. For a waveguide geometry ½ implies a localization transition while the role of g for the localization transition in a slab geometry is still under discussion.
From our experiments we extrapolate that ½ can be achieved at Ð £ ½, a value that is of the same order as the Ioffe-Regel criterion for the localization transition: Ð £ ½ [33] . However for optical wavelengths ½ Ñ ( Ò ¼¼ÒÑ) this is only realized for (unphysically) small beamspot sizes Û Ð £ ½ ¼ ¼ ÒÑ [27] .
Scaling with Ð £ . We were able to conf rm the predicted linear dependence of ½ ¾ » « on the transport mean free path Ð £ [Eq. (1.6)] Fig. 1.9 shows the values of « determined from the slope of the´ ¾´Û µµ ½ -curves ( Fig. 1.6) . A 
SHAPE OF THE CORRELATION FUNCTION
Finally we want to discuss the time dependence of the correlation function ¾´Ø µ Crossing of light paths can occur at any point inside the sample, its probability being determined only by the effective lateral extension of the photon cloud. In the case of a cylindrical wave the crossing probability is independent of the depth Þ which leads to Eq. (1.15), or equivalently Eq. (1.10). ¾´Ø µ therefore decays much slower and broader than ½´Ø µ The semi-logarithmic plots in Fig. 1.3 and Fig. 1 .10 clearly reveal this behavior. reduces to Eq. (1.15) (see also Fig. 1.3) . We furthermore introduced a lower bound Þ ¼ for the integral which can be non-zero. This allows us to take into account single scattering contributions close to the boundary. In fact for long correlation times ¾´Ø µ does not show the expected algebraic decay Ø ½ ¾ but Inset: log-log plot of the same data set.
decays much faster [18] . The suggested explanation is that before a crossing of two light paths can take place there has to be at least one single scattering event close to the surface. This sets a lower bound to the minimum "active" path length. We take account for this by setting Þ ¼ ³ Ð £ In Fig. 1.5 and Fig.   1 .10 it is shown that Eq. (1.22) perfectly describes the experiments over the whole range of correlation times both in the limit Û Ä and Û Ä The good agreement for longer correlation times gives further evidence for the suggested single scattering contributions.
UNIVERSAL CONDUCTANCE FLUCTUATIONS OF LIGHT
THE EXPERIMENTAL REALIZATION
The setup to measure ¿´Ø µ, the optical analog of universal conductance f uctuations in disordered metals [13] , is schematically displayed in Fig. 1.11 . It was designed in analogy to a mesoscopic wire in two lead conf guration.The prelayer of variable thickness Ä ½ enables the separation of ¾´Ø µ and ¿´Ø µ in the time domain. The active path sections of ¾´Ø µ are located before the (single) crossing events which occur almost exclusively within the pinhole. A suff ciently thick prelayer Ä ½ therefore leads to a rapid decay of ¾´Ø µ very A cylindrical pinhole (laser drilled in a disc shaped stainless steel foil of thickness Ä ½¿ Ñ) was embedded in the suspension providing a liquid reservoir on both sides of the sample. The thickness of both layers L ½ L ¾ sealed by glass windows was varied using different spacers. The sample was illuminated with a laser beam ( ½ nm) focused down to ½ ¼ ¾¼¼ Ñ beam diameter at intensities ½¼¼ mW. We performed measurements of the autocorrelation function of the angular integrated transmitted intensity collected with a thick multi-mode f ber (detector). Multiple runs of typically ¼¼ ¢ ¿ × were carried out at photon count rates of ¼¼ ¾¼¼¼ kHz. In this geometry the contribution ½´Ø µ is time independent due to the angular averaging of the outgoing light over many speckle spots. 
LONG RANGE CORRELATIONS
Hence we can take account for this additional contribution by introducing an effective length of the pinhole Ä · ¿ µ .
The experimental results are in excellent agreement with this prediction. It can be readily seen that due to the quadratic dependence of ¼ ¾ on the expected 
OBSERVATION OF OPTICAL UCF
To achieve an effective separation of time scales between ¼ ¾´Ø µ and ¿´Ø µ we used a prelayer thickness Ä ½ ½¼¼ Ñ. To increase transmission, we replaced the colloidal suspension in (Ä ¾ µ by pure water. Due to the absence of scattering in Ä ¾ we were now able to measure the full ¾´Ø µ correlation function [Eq. (1.15)] of a cylindrical waveguide by illuminating the sample from the Ä ¾ -side. This provides additional information about the dynamics of the particles inside the pinhole which is diff cult to obtain otherwise. The measured correlation function is shown in Fig. 1 .12. Since we expect ¾ ´½ ¦ ¼ ¾µ ¡ ½¼ ¾ ½ from theory for the pinhole foil thickness Ä ½ ¿ Ñ, it is in excellent agreement with the theoretical prediction in amplitude, shape and characteristic decay time. These results demonstrate that the dynamics of the particles inside the pinhole are largely unaffected by the lateral conf nement and that the distribution of path lengths is not signif cantly altered by residual absorption at the pinhole walls.
In order to measure UCF the identical sample ( Ñ) was used which was now simply illuminated from the opposite side (Ä ½ ). As seen in Fig. 1 
SUMMARY AND CONCLUSIONS
It has been shown that the use of coherent laser sources combined with accurate time correlation techniques allows to study very precisely the higher order correlation functions ¾´Ø µ and ¿´Ø µ. Based on a series of measurements with different sample thicknesses Ä, beam spot sizes Û, and transport mean free paths Ð £ , it has been possible to quantitatively conf rm the scaling predictions for ¾ . The time dependent correlation function ¾´Ø µ shows a good overall agreement with diagrammatic calculations. However the predicted long time Ø ½ ¾ algebraic tail has not been observed. Quantitative agreement can be achieved by introducing a cut-off for the contribution of short scattering paths to ¾´Ø µ. The study of the amplitude ¾ for extremely small values of Û Ð £ delivers further evidence that light has to be scattered at least once before correlations can be built up by crossing of light paths.
Universal conductance f uctuations (UCF) in the transmission of classical waves have been observed using very small samples of concentrated colloidal suspensions. The experimental results provide a complete picture of the microscopic origin of UCF in disordered conductors in general. This demonstrates that the (quantum) wave interference can be quantitatively described by the simple model of diffusing waves crossing at locations inside the sample where the lateral conf nement is high. Like weak and strong Anderson localization, UCF are a direct consequence of wave interference effects on a macroscopic scale. These interference corrections increase with randomness resulting in the breakdown of classical transport theory.
